The avalanche runaway growth rate was recently determined by analysis of the trajectories of the secondary runaway electrons in momentum space ͓Parks et al., Phys. Plasmas 6, 2523 ͑1999͔͒. Here, such an approach is used to study the effect of the electron synchrotron radiation and the magnetic fluctuations on the secondary generation of runaway electrons. It is found that not only the threshold electric field for runaway generation is increased due to these effects, but also the creation rate of secondary runaway electrons may be noticeably reduced for electric fields close to the threshold field. It has been shown that avalanche runaway generation can be efficiently suppressed in large tokamaks, even during major disruptions, for stochastic magnetic fluctuation levels b
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The generation process of runaway electrons by close Coulomb collisions of already existing runaway electrons with bulk electrons has recently received considerable attention in the literature. This mechanism has been experimentally observed in the Toroidal Experiment for Technically Oriented Research 1 and it has been predicted to play an essential role in the formation of the runaway current during disruptions in future tokamak reactors. 2 The avalanche mechanism has been treated theoretically in several publications. In Ref. 3 , the generation of secondary runaway electrons was studied in the nonrelativistic limit. However, consideration of relativistic effects yields qualitative differences to the nonrelativistic theory: below the critical field E R ϭ(e 3 n e ln ⌳)/(4 0 2 m e c 2 ) ͑Ref. 4͒ absolutely no runaways are produced ͓ln ⌳ is the Coulomb logarithm, which can be taken to be a constant ln ⌳Ӎ20 (1 Ϫ f B /2), where f B is the fraction of electrons that are bound 5 ͔. Growth rate calculations for the avalanche runaway electrons taking into account relativistic effects have been made by several authors. 6, 7 Numerical studies based on the solution of the relativistic Fokker-Planck equation 7 and Monte Carlo simulations 6 have been performed, and analytical formulas of growth rates and the energy spectrum of the avalanche runaways have also been obtained. 6 An alternate calculation for the avalanche runaway growth rate, based on an analysis of the trajectories of the runaway electrons in momentum space, was presented in Ref. 5 . The motion of the scattered secondaries was analyzed taking into account the acceleration in the toroidal electric field and the collisions with the plasma particles. The results were valid for the entire parameter range of interest and provide good physical insight into the avalanche mechanism.
In this work, we extend such an approach to include the effect of the synchrotron radiation losses in the secondary runaway dynamics. This effect could be important, since the momentum space structure of relativistic test electrons can be substantially modified by the radiation losses, as has already been shown in Ref. 8 . And noticing that the secondary knocked out electrons will have a significant initial transverse momentum, it should be expected that, due to their finite pitch angle, the radiation associated with the electron gyromotion can be large and, hence, the conditions for secondary generation will be more restrictive. The dynamics of a relativistic electron in a tokamak plasma will be described using the test particle equations:
͑2͒
In Eqs. ͑1͒ and ͑2͒ q ʈ , q Ќ , and q are the parallel, perpendicular, and total electron momenta normalized to m e c, ␥ is the relativistic gamma factor, and v is the electron velocity; ϭ r t, with r ϭn e e 4 ln ⌳/4 0 2 m e 2 c 3 ; DϭE ʈ /E R is the normalized electric field; ␣ϭ1ϩZ ͓Z is the effective charge, Zϭ ͚ k n k ln ⌳ ek Z k 2 /(n e ln ⌳), with n k being the density of the kth ion with atomic number Z k 5 ͔, and F gc , F gy are parameters describing the two contributions to the radiation losses coming from the guiding center motion and the electron gyromotion, respectively: 8 
͑3͒
r g ϭm e cq Ќ /eB 0 is the electron gyroradius, r e ϭe 2 /(4 0 m e c 2 ) is the classical electron radius, ␤ϭv/c, and b is the unit vector in the direction of the magnetic field. This estimate of F S constitutes a better approximation than that used in Ref. 8 , in which the reaction force was assumed to be parallel to the velocity vector, although the results on the runaway generation conditions and the runaway energy will remain essentially unchanged.
The system of equations ͑1͒ and ͑2͒ is characterized in (q ʈ ,q Ќ 2 ) space by the presence of a saddle point ( P 1 in Fig.  1͒ around which the electron trajectories separate. The region inside the separatrix S r passing through the saddle point constitutes the runaway region. In Fig. 1 , the results obtained for F gy ϭ0.65 and F gy ϭ0 ͑no radiation losses included as in Ref. 5͒ are shown for comparison. It can be clearly seen that, due to the effect of the radiation losses, the momentum space structure of the relativistic electrons ͑the saddle point P 1 and the separatrix S r ) has been modified and the runaway region, bounded by S r , has been noticeably enlarged.
Following Ref. 5, the runaway growth rate is obtained by assuming that the primary runaways are flowing along the parallel direction with an energy much larger than their rest energy. Secondary runaways will then be produced in momentum phase space on the part of the kinematic curve,
which lies within the runaway region. Integration over the runaway phase-space of the secondary source rate, given by Eq. ͑10͒ in Ref. 5 , can therefore be reduced to a linear integration along the kinematic curve beginning at the intersection with the separatrix S r . In this way, the secondary runaway growth rate or gain can be written
where C, the normalized gain, can be estimated as C ϭ1/q ʈ 0 * , and q ʈ 0 * is the runaway threshold momentum, given by the intersection of the separatrix S r with the kinematic curve for the scattered secondaries. Hence, in the example shown in Fig. 1 , the intersection point q ʈ 0 * is about two times larger for the case with radiation than for the nonradiative case, so that the avalanche growth rate is reduced by the same factor because of the radiation losses.
We have solved for q ʈ 0 * both analytically and numerically. Numerically, we integrate the separatrix from the saddle point P 1 toward the kinematic curve until the intersection is reached. Analytically, we linearize Eq. ͑2͒ in the neighborhood of P 1 ϵ(q ͉͉s ,q s ) to obtain a linear approximation of the separatrix S r :
where ( P 11 , P 21 ) is any eigenvector associated with the negative eigenvalue of the linearized system related to S r . Inserting Eq. ͑6͒ into the kinematic curve equation, and solving for q ͉͉0 *
, we obtain q ʈ 0 * 2 , being the positive solution chosen. The agreement between the analytical and numerical calculations is remarkably good.
In Fig. 2͑a͒ , the ratio C R /C NR of the normalized gains with and without inclusion of the synchrotron radiation is plotted versus the normalized electric field D for different values of the radiation parameter F gy and the same plasma conditions as in Fig. 1 . The arrows indicate the normalized threshold electric field D R for runaway generation at the corresponding value of F gy . From Fig. 2 , we can conlude: ͑1͒ As pointed out in Ref. 8 , synchrotron radiation effects lead to a threshold electric field larger than E R (D R Ͼ1). The dependence of D R on F gy is illustrated in Fig. 2͑b͒ . ͑2͒ The avalanche runaway gain is noticeably reduced for electric fields close to D R . Note that for the examples shown in the figure, the normalized gain C diminishes by a factor of ϳ3 for values of DϳD R , and therefore the avalanche amplification of runaway electrons, ϳe ␥ r t , will be strongly affected, decreasing by a factor (e
, where ␥ NR is the nonradiative runaway growth rate. Nevertheless, it should be noticed that the effect of the radiation losses is strongly dependent on the radiation parameter F gy , which decreases for increasing density. Therefore, it is expected that the synchrotron radiation damping should play a minor role in high current ͑and thus high density͒ tokamaks, where F gy will be small. ͒. Figure 3 presents the separatrix S r and the saddle point P 1 in (q ʈ ,q Ќ 2 ) space for a case with zero fluctuation level (b ϭ0) and a case with b ϭ5ϫ10 Ϫ5 . Plasma conditions are the same as in Fig. 1, but DӍ10. 2. It can be observed that the runaway region inside S r is now enlarged and the normalized gain, determined by the runaway threshold momentum q ʈ 0 * , decreases by a factor ϳ2. The ratio C b /C 0 of the normalized gains with and without fluctuations is plotted versus D in Fig. 4͑a͒ for different levels of magnetic fluctuations and plasma parameters as in previous figures. The normalized threshold electric field D R as function of b 10 is shown in Fig. 4͑b͒ . The magnetic fluctuations lead to an increase of the threshold field D R below which the runaway production is set to zero, but also the avalanche growth rate is reduced when DϾD R , particularly for electric fields close to D R . In summary, we have found that the electron synchrotron radiation and fluctuations of the magnetic field may be effective in controlling the avalanche of runaways in tokamaks: ͑1͒ leading to a normalized threshold electric field D R for runaway generation higher than 1. This effect increases with the radiation level and the amplitude of the fluctuations; ͑2͒ reducing the avalanche growth rate for DϾD R , making this reduction especially important when D is close to D R .
It is of interest to assess if the effects previously discussed will play a role for typical plasma conditions during disruptions. The efficiency of the radiation mechanism to control the secondary runaway production is mainly determined by the radiation parameter, F gy ϰ1/n e . During disruptions, the plasma density should be large due to the influx of impurity atoms from the overheated wall structures. Moreover, runaway mitigation schemes based on injection of massive amounts of deuterium using pellets or liquid jets will lead to even larger densities. Thus, F gy is expected to be small and hence the corrections to the critical electric field and the runaway gain C. This is illustrated in Fig. 5͑a͒ , in which the threshold field for runaway generation is plotted versus the plasma density for different Z values and typical parameters for the International Thermonuclear Experimental Reactor ͑ITER͒ 12 (B 0 ϭ5.68 T, R 0 ϭ8.14 m). The closed squares indicate the calculated values of the threshold field without including radiation losses, E R Ӎ0.1 n e (10 20 m Ϫ3 ). Suppression of runaway generation during an ITER disruption (E ʈ ϳ8 V/m) would demand a plasma density n e ϳ10 22 m Ϫ3 if the radiation losses are not considered. The main corrections due to the synchrotron radiation are found for high Z values, as the pitch angle scattering and therefore the radiation associated with electron gyromotion will be larger. Thus, from the figure, the values of n e required to suppress the runaway generation for Zϭ10 would be reduced to n e ϳ5ϫ10 21 m Ϫ3 . The case of the magnetic fluctuations is quite different as shown in Fig. 5͑b͒ ,where the calculated threshold electric field for runaway generation during an ITER disruption is plotted versus the fluctuation level b . It is found that values of b Ͼ10
Ϫ3 would be enough to suppress the runaway avalanche and, close to these values, the runaway gain ␥ r would already be noticeably reduced. In fact, the efficiency of a runaway control scheme based on magnetic fluctuations has already been demonstrated during disruptive discharge terminations in the Japan Atomic Energy Research Institute Tokamak-60 Upgrade ͑JT-60U͒. 
